ABSTRACT: Chromoanasynthesis has been described as a novel cause of massive constitutional chromosomal rearrangements. Based on DNA replication machinery defects, chromoanasynthesis is characterized by the presence of chromosomal duplications and triplications locally clustered on one single chromosome, or a few chromosomes, associated with various other types of structural rearrangements. Two distinct mechanisms have been described for the formation of these chaotic genomic disorders, i.e. the fork stalling and template switching and the microhomology-mediated break-induced replication. Micronucleus-based processes have been evidenced as a causative mechanism, thus, highlighting the close connection between segregation errors and structural rearrangements. Accumulating data indicate that chromoanasynthesis is operating in human germline cells and during early embryonic development. The development of new tools for quantifying chromoanasynthesis events should provide further insight into the impact of this catastrophic cellular phenomenon in human reproduction.
Introduction

Chromothripsis and what else?
In 2011, the discovery of the phenomenon of chromothripsis in tumours, as well as in patients with congenital diseases (Stephens et al., 2011; Kloosterman et al., 2011) , strongly disrupted the dogmas and ideas acquired on the genesis of complex genomic rearrangements, their aetiologies, and their biological and clinical impacts.
After a phase of doubt about the existence of the phenomenon (Kinsella et al., 2014) , numerous studies have confirmed the biological reality of chromothripsis in cancers (Rode et al., 2016) , in patients harbouring congenital abnormalities and classical structural rearrangements, but also in phenotypically normal subjects (Bertelsen et al., 2015; Weckselblatt et al., 2015) . Other studies have reported the possible reversibility of chromothripsis and its aspect is sometimes benign or curative (Bassaganyas et al., 2013; McDermott et al., 2015) . In addition, chromothripsis was also described upon integration of transgene (Nazaryan-Petersen et al., 2016) as well as in plants (Tan et al., 2015) .
Based on all these observations and the implementation of powerful tools for bioinformatic analysis (Yang et al., 2016a, b) , a general consensus allowed for a clear definition of chromothripsis, and established its molecular signature with respect to the classical forms of complex chromosomal rearrangements (Korbel and Campbell, 2013) .
Analysis of the aetiology of chromothripsis has led to the identification of various cellular mechanisms capable of generating chromothripsis (Crasta et al., 2012; Ivkov and Bunz, 2015) . Experimental models have been developed in parallel, making it possible to reproduce in situ the catastrophic phenomenon and thus to validate its existence (Mardin et al., 2015; Morishita et al., 2016) . The recombination mechanism of non-homologous end-joining (NHEJ), has been shown to drive the genesis of chromothripsis-linked rearrangements (Jones and Jallepalli, 2012) .
In 2014, we underlined the link between the causal mechanisms of chromothripsis and certain aspects of gamete and zygote formation as well as preimplantation embryonic development, which may trigger chromothripsis formation . It was important to inform the human reproduction community about the potential impact of chromothripsis on human fertilization, in vivo and in vitro, and ultimately on the need to take into account the existence of this phenomenon (Pellestor, 2014) .
Several studies have since reported cases of constitutional chromothripsis, de novo or inherited, confirming our hypotheses (Anderson et al., 2016; Trpchevska et al., 2017) . However, as the chromothripsis investigation progressed, it became clear that the chromothripsis mechanism could not account for all the phenomena of chaotic and rapid genomic rearrangements now being updated with the use of next-generation DNA sequencing technology. Indeed, a number of complex rearrangements with duplication and triplication cannot be explained by NHEJ-mediated repair mechanisms. This led to the proposal that complex rearrangements could also result from another one-off cellular event. This distinct chaotic process has been identified and named chromoanasynthesis, i.e. chromosome reconstitution . Its molecular mechanism differs from that of chromothripsis although, its biological consequences are similar with the rapid formation of highly remodelled chromosomes.
Accumulating data suggest that chromoanasynthesis events could arise during gamete formation and early embryonic development (Plaisancié et al., 2014) . It was therefore necessary to present this alternative process and discuss its impact in human reproduction.
Chromoanasynthesis: an unexpected replication-based process for massive chromosomal rearrangement Whereas chromothripsis is defined as a local chromosomal shattering followed by a random restitching of chromosomal fragments driven by NHEJ (Pellestor, 2018) , chromoanasynthesis is considered to be a replication-based complex rearrangement process that involves serial fork stalling and template switching (FoSTeS) or microhomologymediated break-induced replication (MMBIR) mechanisms (Fig. 1) .
DNA replication is an essential event of the eukaryote cell division cycle that ensures precise duplication of DNA during S phase before partitioning of the replicated DNA strands to the two daughter cells during M phase. Numerous exogenous or endogenous agents can create conditions of replication stress by interfering with the progression and the stability of the replication fork (Venkatesan et al., 2015) . Most of the replication damages are repaired by canonical NHEJ or homologous recombination (HR) pathways, and adjacent dormant replication origins may complete replication (Kass et al., 2016) . In a stressing situation, however, when the replication forks stall or pause in the vicinity of DNA lesions, fragile sites, cluster of tightly bound proteins or structural domains that are difficult to replicate, such replication stress may lead to aberrant replication with the use of alternate error-prone DNA repair mechanisms such as FoSTeS and MMBIR that lead to the formation of complex structural changes and copy-number variations (Arlt et al., 2012) .
In the models of FoSTeS and MMBIR the lagging DNA strand end can serially disengage and switch to another nearby template. DNA would then be copied by another active replication fork. The new template strand is not necessarily adjacent to the initial replication fork, but in 3D physical proximity. Multiple fork disengaging, and strand invasions can occur before the resumption of replication on the original template (Fig. 2) . Liu et al. (2011) demonstrated that complex genome architecture such as hairpin structure or low-copy repeat clusters may confuse the DNA replication machinery and exacerbate serial template switching events driven by FoSTeS and MMBIR. Repetitive sequences and transposable elements are known to stimulate genomic instability and potentially facilitate genomic rearrangements. The abundance of these elements in the human genome provides numerous potential substrates for microhomology-mediated template switching and chromoanasynthesis occurrence.
Like chromothripsis, chromoanasynthesis events involve a combination of structural rearrangements but the occurrence of localized multiple copy-number changes, particularly region-focused duplication and triplication, and short stretches of micro-homologies at the breakpoint junctions are both the hallmarks of replication-based mechanism with iterative template switches, and define the chromoanasynthesis phenomenon. Catastrophic chromosomal damages have also been documented in Caenorhabditis elegans (Itani et al., 2016) and Saccharomyces cerevisiae (Anand et al., 2014) , indicating that the cellular pathways responsible for generating such highly complex patterns of chromosomal rearrangements is highly conserved.
Just as molecular situations responsible of replication fork stalling are numerous, a variety of cellular events may trigger the genome instability underlying replication defects. All environmental insults and physiological pathway alterations that compromise genome stability, may potentially give rise to replication stress and subsequent chromoanasynthesis events (Aguilera and Gomez-Gonzalez, 2008) . It is of note that numerous data have highlighted a link between chromosome missegregation and chromosome instability (Thompson and Compton, 2008) .
Discussion
The micronucleus-mediated model for chromoanasynthesis Such replication-based mechanisms do not necessarily require micronucleus formation to explain the occurrence of massive chromosomal rearrangements. However, micronucleus-mediated models have recently been proposed, which provided attractive cellular explanation for chromothripsis-and chromoanasynthesis-compatible events.
The incorporation of lagging chromosome or chromatid fragments in micronuclei has been documented for many years as a frequent hallmark of genome instability (Xu et al., 2011) . In order to combine the chaotic and confined nature of chromothripsis and chromoanasynthesis, micronucleus-based models have been proposed as prevalent pathways to extensive chromosome rearrangements. Crasta et al. (2012) provided the first experimental evidence on this mechanism. By using chemicals for destabilizing the mitotic spindle and increasing the frequency of lagging chromosomes they generated micronuclei in several human cell lines. Extensive genome rearrangements were observed occurring during S and G2 phases of the cell cycle following the formation of micronuclei. The acquisition of this DNA damage was mediated by defective or asynchronous replication relative to the primary nucleus. Micronuclei showed significant reduction in the recruitment of components for both DNA replication and repair machinery. Thus, after micronuclear envelope breakdown the still replicating encapsulated chromatin was prematurely condensed. During the successive cell divisions, the micronucleated DNA can be reincorporated into the primary nucleus and distributed to daughter nuclei. Zhang et al. (2015) demonstrated the direct association between micronuclei formation and extensive chromosome rearrangements by combining live cell imaging and whole genome sequencing of isolated daughter cells derived from micronucleated cells. They showed that chromatin trapped in micronuclei could initiate defective DNA replication before the disruption of micronuclear envelope, thus, accumulating DNA damages within one cell division. Rearrangements generated through NHEJ, but also by MMBIR processes, were observed in micronuclei DNA. Ly et al. (2017) described an elegant system to induce missegregation of the Y chromosome into micronuclei, based on the replacement of the Y chromosome centromere by a dysfunctional one that cannot initiate kinetochore assembly. Thus, they observed frequent Y chromosome mis-segregation into micronuclei. Followed by shattering and incorrect reassembly of Y chromosome fragments through three consecutive cell cycles. By using inhibitor of DNA repair, the authors demonstrated that NHEJ mechanism was not efficient in the micronucleus, but operated during the subsequent interphase, after the incorporation of Y chromosome fragments in a daughter nucleus.
These studies demonstrated how the micronucleus-based model constitutes a prevalent pathway for chaotic and confined chromosome rearrangements, but they also emphasized how mitotic defects could be highly mutagenic and trigger chromosome instability and massive rearrangements.
Chromoanasynthesis in human gametogenesis
In the initial reports of germline chromoanasynthesis genomic analysis revealed the paternal origin of duplicated and triplicated chromoanasynthesis. This suggests a preferential occurrence during the initial mitosis of the spermatogenesis in concordance with the postulated replication-based pathway of chromoanasynthesis. However, the micronucleus-mediated models emphasize the essential role of chromosome mis-segregation as trigger of chromoanasynthesis. It seems the consequence of which is that the genesis of germline chromoanasynthesis is to be found in both the male and female gametogenesis as well as in the subsequent formation of zygote and the blastomeric cells.
Based on the same process, male and female meiosis pathways present differences in the time of entry into meiosis and the meiosis duration. Thus, the male premeiotic germ cells may have gone through more than one thousand mitotic divisions before spermatogonia began meiotic prophase in a 50-year-old man (Hurst and Ellegren, 1998) . The elevated number of cell division during spermatogenesis increases the probability of replication defects. Figure 1 Principle of the chromoanasynthesis process. Chromoanasynthesis can arise when a replication fork stall or collapse. The lagging strand of the defective fork disengage and a series of microhomology-dependent template and switching events occur with other replication forks in physical proximity, before the completion of DNA synthesis on the original template. The process leads to the formation of complex genomic rearrangements that typically involves duplications and triplications. The insertion of short nucleotide sequences (3-5 bp) at breakpoint junctions provides evidence for a replication-mediated process. Two mechanisms, fork stalling and template switching (FoSTeS) and microhomology-mediated break-induced replication (MMBIR), have been identified as responsible for this process of massive genomic rearrangement.
During replication of spermatogonia, specialized polymerases, essentially members of the RAD family, allow replication over a damaged template. This mechanism, known as replication damage bypass, plays a prominent role in the rescue of spermatogonia from premature termination of DNA replication and subsequent apoptosis (Laan et al., 2005) . One can speculate that both FoSTeS and MMBIR pathways also contribute to S phase completion. This is to the detriment of the correctness of the replication and even if the processes results in chromoanasynthesis among spermatozoa. This idea is supported by the observation of numerous constitutional chromoanasynthesis of paternal origin. DNA replication defects in spermatogonia may also happen due to various endogenous or exogenous factors that trigger genome instability and replication stress (Rübe et al., 2011) . Like the risk of de novo mutation in the paternal lineage increases with age, it is not unreasonable to hypothesize that the risk of replication defects and chromoanasynthesis events in spermatogonia could also increase with male ageing.
Whereas mitotic DNA replications take place throughout life in males, it operates only during foetal development in females. Less than 30 mitotic divisions precede the formation of the primary oocyte and the entry into meiosis. Even if the same mechanisms of replication error, and the same trigger factors can be taken into account during the phase of premeiotic cellular divisions, it can be speculated that the possibility of replication defects are lower in female meiosis.
The main implication of oogenesis in the initiation of chromoanasynthesis must be sought in the strong propensity of female meiosis to generate segregation errors and chromosome lagging. Numerous processes contributing to chromosome instability and segregation defects have been documented in human oogenesis including the relaxation of checkpoints (Touati and Wassmann, 2016) , the deficiency of meiosisspecific cohesins, the mitochondrial dysfunction, the unusually long spindle assembly mechanism (Holubcova et al., 2015) , the disturbance of kinetochore-microtubule attachment, and so on. Most of these being affected by maternal ageing (Nagaoka et al., 2012) . The complexity of oogenesis is illustrated by the number of players involved in the course and the regulation of female meiotic process.
Three chromosome mis-segregation patterns have been identified in female meiosis involving meiosis I and meiosis II non-disjunctions and premature chromatid separation (Angel, 1997; Pellestor et al., 2002) . The direct genome-wide maps of crossovers of activated oocytes and their corresponding polar bodies provided evidence of a fourth missegregation pattern referred to as reverse segregation in which both homologs of a chromosome undergo separation at meiosis I followed by the separation of the two non-sister chromatids at meiosis II (Ottolini et al., 2015) .
Accumulating data have highlighted the potential relationship of these various types of segregation errors in oocytes with the mechanical chromosome instability and the subsequent formation of micronuclei. 
Chromoanasynthesis in zygotes and preimplantation embryos
In a fertilized egg, fundamental events occur at the nuclear level including the completion of female meiosis, the paternal chromatin remodelling, DNA damage repair, as well as the precise replication of maternally and paternally inherited chromosomes forming the new zygotic genome. At this time of short cell cycles and lack of efficient checkpoints, accidents in the replication pathway may arise during the first cell cycles of preimplantation development until the activation of the diploid embryonic genome and the establishment of effective checkpoints (Jaroudi and SenGupta, 2007) . Additionally, defective pools of maternal proteins required for replication or depletion of such oocyte-derived critical components during blastomeric divisions could trigger defective replication process and chromoanasynthesis occurrence. Mitotic errors involving chaotic chromosome patterns and mosaicisms are common during the first cleavages after fertilization, and remarkably elevated rates of structural aberrations involving complex rearrangements have also been found in human preimplantation embryos (Fragouli et al., 2013) . As discussed above the formation of micronuclei constitutes a mechanism linking these baseline data to chromosome instability and replication stress. Micronucleus appears to be a frequent outcome of blastomere division defects in association with anaphase lag, merotelic attachment and centrosome aberrations (Prosser and Pelletier, 2017) . Non-invasive time-lapse imaging of human embryo revealed that a high proportion of embryonic micronuclei contain whole chromosome or chromosome fragments (Chavez et al., 2012) . In addition, tripolar spindle and random chromosome segregation have been identified by time-lapse imaging and karyomapping during early cleavage divisions, leading to a combination of normal and unbalanced chromosomal patterns in the constituent cells of the embryo in vitro (Ottolini et al., 2017) . In some cases, small cells or multiple cell fragments were also observed, potentially reflecting genome instability in association with micronuclei formation. The lack of mitotic spindle checkpoints and centrosome dysfunction could be the primary mechanisms triggering the combination of numerical and structural chromosome abnormalities during preimplantation development (Pihan, 2013) .
The confined microenvironment and the impaired nuclear functions into micronuclei may create the conditions for replication stress and thus stimulate the use of alternative error-prone replication pathways such as FoSTeS or MMBIR into micronuclei.
Surprisingly, in preimplantation embryos Vazquez-Diez et al. (2016) observed that most of the micronuclei persist in blastomeres as isolated units separated from the main nucleus for several embryonic cell divisions. During these cell cycles the duration of M-phase and interphase are unaltered. This suggests a lack of activation of DNA damage responses. Thus, the micronucleus is passively inherited by just one of the daughter cells. In the context of replication stress with suboptimal access to DNA replication resources this cascade of unilateral inheritance may favour alternate DNA replication pathways, and the generation of extensive genomic rearrangements according to the proposed micronucleus-based model of chromoanasynthesis.
Finally, the micronucleus can be eliminated or reincorporated in the principal nucleus, which provides an explanation for mosaicism in early embryo. Altogether these data suggest that micronucleation process is the main driver of germline chromoanasynthesis.
This unexpected phenomenon of micronucleus insulation can be regarded as a way to maintain the apparent integrity and stability of embryonic genome when faced with chaotic events potentially incompatible with cell survival. Depending on the importance and the lethality of the rearrangements compromised chromosome material can be either eliminated by micronuclei extrusion or further blastomere exclusion alternatively. It can also be stabilized in a daughter cell and passed on to the subsequent cell generations.
Conclusions and future directions
Following chromothripsis, chromoanasynthesis will become a top topic with a similar sensational connotation related to the massive and complex nature of the chromosomal rearrangements generated, and the 'all-at-one' origin of this chaotic phenomenon. To encompass these new modes of chaotic rearrangements Holland and Cleveland (2012) proposed the generic term of chromoanagenesis (for chromosome rebirth).
Chromothripsis and chromoanasynthesis constitute two of the most unexpected biological discoveries made from high-resolution genome analysis. With the development of new genomic technologies such as mate-paired and paired-end whole genome sequencing, the detection of complex rearrangements has considerably increased. Notably, even translocations and inversions classified as simple structural rearrangements by conventional techniques are now identified as more complex than previously appreciated (Weckselblatt et al., 2015) . In the same way analyses of morbid human genomes have indicated that complex chromosomal abnormalities are relatively frequent in the human germline (Collins et al., 2017) . It is possible that the occurrence of chromoanagenesis events in the genome, especially chromoanasynthesismediated abnormalities, might be grossly underestimated.
These data have shed fundamental light on the close relationship between chromosomal instability and replication stress which finds expression in the causal link between mitotic segregation errors and structural rearrangements via the micronuclei-based process. Experimental systems have been developed to prove the existence of chromoanagenesis events. The combination of live cell imaging and single cell genomic sequencing technologies applied to in vitro formation of micronuclei has made possible to dissect both the cellular and the genomic mechanisms for the formation of extensive rearrangements. They provide valid models for the formation of chromothripsis-like and chromoanasynthesis-like massive rearrangement in human germline.
In the context of human reproduction chromoanasynthesis could be more common than anticipated because both the gametogenesis and the preimplantation developmental stages constitutes cellular contexts favourable to instability and the formation of extensive genomic rearrangements as discussed above. Due to the complexity of the generated rearrangements one can hypothesize that most of the chromoanasynthesis events lead to nonviable conceptus, and only the ones resulting in balanced and stable rearrangements can be transmissible and contribute to the occurrence of constitutional disorders.
From a cellular perspective chaotic genomic event could represent a survival strategy for the genome when under crisis, and chromoanasynthesis could constitute an inherent cellular process for maintaining genome stability and integrity (Liu et al., 2014) . Alternate DNA replication process like chromoanasynthesis could be engaged to avoid the most severe consequences of a complete lack of DNA repair.
One open question is whether procedures used in human ART could trigger genome instability and the occurrence of chromoanasynthesiscompatible abnormalities (Nagaoka et al., 2012) . Cellular stresses in the form of dysregulated pH, temperature shifts and hypoxia, can cause genomic instability. Several studies have speculated on the impact of such chemical and physical factors on in vitro embryonic stability and development (Venkatesan et al., 2015; Wale and Gardner, 2016) . This stresses the need to better understand how zygotes and embryos in culture experience changes in their capacity to manage DNA alterations.
In practice reliable technologies for detecting massive rearrangements have only been in clinical use within the last decade. The adaptation of these methods on human gametes and preimplantation embryos has become a necessity to better understand human reproduction failure. Exome and whole genome sequencing technology is starting to be offered in several ART centres to analyse the genetic status of embryos (Hu et al., 2018) . Other technologies including metabolomic, transcriptomic and proteomic analysis (Macaulay et al., 2017) , or the non-invasive genomic screening of genomic DNA secreted by human blastocysts into the culture medium, (Foresta et al., 2016) constitute attractive new approaches.
It is clear that much remains to be discovered about these cataclysmic processes. This constitutes a great challenge and implies further efforts to develop new techniques to the identification of chaotic rearrangements in gametes and preimplantation embryos.
